The parallel architecture is very popular for power inverters to increase the power level. This paper presents a method for the parallel operation of inverters in an acdistributed system, to suppress the cross-circulating current based on virtual impedance without current-sharing bus and communication bus. Simulation and experimental results verify the effectiveness of the control method.
I. INTRODUCTION
Renewable or nonconventional energy resources, such as photovoltaic arrays, fuel cells, or small wind turbines can be connected to a common AC line to supply the distributed loads working as a microgrid. The diagram of a microgird is shown in Fig.1 . And the microgrids are requiring new control strategies and power architectures to deal with high power demand. I inverters in parallel is a well-known solution [1] [2] [3] [4] [5] . But a circulating current problem must be considered in parallel inverters system because of the different parameters of the parallel inverters [6] [7] . The existence of the circulating current can increase the power loss of the system, cause distortion of the output current of inverters and so on [8] [9] . So measures should be taken to suppress the circulating current.
The three-phase two-level voltage source inverters (VSI) are widely used in microgrids [10] . Figure 2 shows a parallel inverters system consisting a number of n inverters in which each of the inverter has individual DC source. The DC sources can be photovoltaic arrays, fuel cells, or small wind turbines.
The cross-circulating current should be considered for the inverters which have individual DC links [3, 8, 11] .
In order to avoid the circulating current, traditional approach is to use a multiwinding transformer-isolated-ac side for the parallel system. However, because of additional ac linefrequency transformer, the whole system becomes bulky and it is not desirable for an efficiency perspective [12] [13] [14] .
Alternative way for avoiding circulating current is to design a current-sharing bus in the system to reduce the circulating current, all the inverters current information should be known to calculate the average current as the reference current for each of the inverter. And a communication bus is always built to exchange the information between the inverters and the control unit [14] [15] [16] . Strategies based on instantaneous currentsharing with communication bus will increase the complexity of the control system, and it is not suitable for the case of long distance between parallel inverters [17] . A well-known wireless control method is the frequency and voltage droop control [18] [19] [20] . But the performance of droop-method is sensitive to the output impedance of the inverters [7] .
The output impedances of the inverters can be changed by parallel reactors to suppress the circulating current. However, they are removed in most of parallel-inverter systems because of their large volume and cost [7] . With proper control strategy, parallel reactors can be replaced by virtual impedances to suppress the circulating current because of the different parameters of inverter modules and the line impedances [7, [21] [22] [23] .
Literature [6] [7] shows that the circulating current depends on current sharing impedances and the difference in the output voltages of parallel inverters, while being independent of the load impedance. This paper presents a control method based on virtual impedance without current-sharing and communication bus. The virtual impedance is used to modify the output impedance of the inverters. This paper is organized as follows: In Section II, the circulating current analysis for paralleled inverters is discussed. Then a control method based on virtual impedance is presented in Section III. In Section IV, simulation and experimental results are implemented. Both the simulation and experimental results verify the effectiveness of the presented method. The conclusions are given in Section V. 
II. THE CROSS-CIRCULATING CURRENT ANALYSIS
This paper takes a system of two parallel-connected inverters for an example to analyze the cross-circulating current. Figure 3 shows the cross-circulating current path. The cross-circulating current will flow from one inverter to another through the common AC bus.
The parallel three-phase inverters considering the output impedances can be simplified as Fig.4 because of the similar principle of three-phase and single-phase inverters. In Fig.4 , Z1 and Z2 are the output impedances of the two parallel inverters respectively, ZL is the load impedance, E1 and E2 are the outputs voltage of the two inverters, I1 and I2 are the output currents, Eo is the load voltage and Io is the load current. In a practical system, Z1 and Z2 will be different because of the different parameters of filters and line impedances or stray parameters. According to literature [6] , the circulating current can be defined as
As shown in Fig.4 , the following equations can be written:
Assuming that the output impedances of the parallel inverters are equal to each other, Z1=Z2=Z, then substituting (2)- (3) into (1) gives us:
Based on the former analysis, if the output voltages and the output impedances of the parallel inverters are equal to each other respectively, the circulating current can be eliminated. But in a real system, it is difficult to guarantee that different inverters have exactly the same parameters. In this case, the output impedances of the parallel inverters can be regulated by using proper virtual impedances, to offset the parameters differences of the parallel inverters and to eliminate the circulating current.
The equivalent circuit of two parallel-connected inverters with virtual impedances is shown in Fig.5 . And Zvir1 and Zvir2 are the virtual impedances. Equation (5) expresses the components of the virtual impedance.
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The virtual impedance can be purely resistance or inductance, or combined with two of them based on the parameters differences between parallel inverters. Figure 6 shows the block diagram of the presented control method for parallel three-phase two-level inverters. The corresponding schematic for number of n parallel inverters is shown in Fig.7 . The main control loops includes the outer voltage control loop and the inner current control loop. The outer loop regulates the output voltage of the inverter with no steady-state errors. Zvirk (k=1~n) is the virtual impedance to regulate the output impedances of parallel inverters that located in the filter inductor current feedback control loop. A secondary control loop is added to compensate the voltage drop on the virtual impedance. Figure 7 shows that each of the inverters has its own control loops. It can be noticed that there is no current-sharing bus in the control loop. All the inverters in the system only use one common voltage feedback, the load voltage, it is like the voltage reference bus in literature [13] , but there is no communication bus in the presented control method. GIoi, Guoj are the current controller and the voltage controller respectively, (i=1~n, j=1~n).
III. THE PRESENTED CONTROL METHOD
In practical applications, a soft start of the inverters is needed. In the presented method, when one inverter is started, the other feedbacks the load voltage from the AC bus as the reference voltage, if the open circuit output voltage synchronizes with the load voltage, this inverter will be connected to the load through a static switch. 
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IV. SIMULATION AND EXPERIMENTAL RESULTS
In order to verify the effectiveness of the presented method, simulation and experiments has been done.
A. Simulation Results
A simulation model consists of two parallel-connected inverters was built in Matlab/Simulink, using the presented control method, and the parameters are listed in TABLE I. Both of the linear and nonlinear loads were considered in the simulation. The nonlinear load was a rectifier connected with a resistor (57.5 ) and a capacitor (22uF). The maximum phase current of each inverter will be 4.85A with the linear load. The cross-circulating current can be effectively suppressed with both linear and nonlinear load as shown in Fig. 8(a) and Fig.  9(a) , and the maximum value of the cross-circulating current is about 200 mA. From Fig. 8(c) and Fig. 9(b) , it can be noticed that the phase currents of two inverters almost overlap each other.
B. Experimental Results
Experiments has been done on a prototype which is shown in Fig.13 . It consists four three-phase two-level inverters from Danfoss and one dSPACE 1006 control unit in one cabinet. VSI1 and VSI2 were used in the experments to verify the effectiveness of the presented control method. Two DC suppliers from Delta were connected in series for VSI1, and another DC source from GSS was used for VSI2. Each inverter was connected with an L-C output filter, using the parameters listed in Table I . The experimental results under the condition of supplying both linear and nonlinear load with the same parameters of simulation are shown below. Figure 10 shows the results with linear load. From Fig.  10(a) , it can be seen that the peak value of the cross-circulating current is about 200mA just as the simulation results in Fig.  3(a) , Iea, Ieb, Iec are the differences of three phase currents of VSI1 and VSI2. Figure 10(b) shows single phase currents of the two inverters, the maximum value is near 4.85A as required. And the waveform of load voltage is shown in Fig.  10(c) .
Experimental results by supplying a nonlinear load are shown in Fig. 11 . Figure 11(a) shows the cross-circulating current, and the single phase output currents of the two inverters are shown in Fig. 11(b) . It can be seen that good loadsharing capability is obtained when nonlinear loads are supplied. Figure 11 (c) and (d) depicts the load current, the load voltage respectively.
The dynamic performance of the parallel system was also experimentally evaluated with respect to the case of sudden inverter connection. Initially, VSI1 was working alone to supply a linear load. At time Ta , VSI2 was connected to the common AC bus. Figure 12 shows the transient response of the single phase output currents of both inverters. It can be seen that the load current was almost average-sharing in two inverters. 
V. CONCLUSION
Parallel inverters are widely used in the microgrid applications for high power demand, and the current-sharing scheme is necessary. A control method without current-sharing bus based on virtual impedance is presented in this paper. Simulation and experiments has been done when parallelconnected inverters were sharing linear or nonlinear load. The results demonstrate that, the cross-circulating current between the parallel inverters can be effectively suppressed, and the average current-sharing is realized.
